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a physiological temperature of 37°C at ~2°C/min
(30) (Movie S1), leads to a pronounced reduction
of E′. Whereas the neat PVAc (dry E′s = 1.8 GPa
at 25°C) instantly softens under these conditions
(Fig. 4B), the E′ of the whisker-reinforced nano-
composites (see Fig. 4B for a 12.2% v/v nano-
composite) is reduced slowly over a period of 15
min. The whisker-reinforced nanocomposite dis-
plays a much higher dry E′ (4.2 GPa at 25°C)
than the neat PVAc, but both materials reach
nearly identical moduli upon immersion inACSF
at 37°C (1.6 MPa).

Our data support a simple and versatile strat-
egy for the creation of polymer nanocomposites,
whose architecture and mechanical adaptability
closely mimic the proposed architecture and ob-
served response of the sea cucumber dermis. The
mechanical properties of these chemoresponsive
materials can selectively and reversibly be con-
trolled through the formation and decoupling of a
three-dimensional network of well-individualized
nanofibers in response to specific chemical trig-
gers. It will be interesting to explore whether the
framework can be adapted to nonchemical trig-
gers, for example, optical or electrical stimuli.
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Heterogeneous Nucleation Experiments
Bridging the Scale from Molecular Ion
Clusters to Nanoparticles
Paul M. Winkler,1 Gerhard Steiner,1 Aron Vrtala,1 Hanna Vehkamäki,2 Madis Noppel,3
Kari E. J. Lehtinen,4 Georg P. Reischl,1 Paul E. Wagner,1 Markku Kulmala2*

Generation, investigation, and manipulation of nanostructured materials are of fundamental and
practical importance for several disciplines, including materials science and medicine. Recently,
atmospheric new particle formation in the nanometer-size range has been found to be a global
phenomenon. Still, its detailed mechanisms are mostly unknown, largely depending on the
incapability to generate and measure nanoparticles in a controlled way. In our experiments, an
organic vapor (n-propanol) condenses on molecular ions, as well as on charged and uncharged
inorganic nanoparticles, via initial activation by heterogeneous nucleation. We found a smooth
transition in activation behavior as a function of size and activation to occur well before the onset
of homogeneous nucleation. Furthermore, nucleation enhancement for charged particles and a
substantial negative sign preference were quantitatively detected.

Condensational growth, evaporation, and
heterogeneous chemistry are important
phenomena in materials science, fluid

dynamics, aerosol physics and technology, and
atmospheric chemistry, including cloud micro-
physics and cloud chemistry. A prerequisite for
the start of condensation is homogeneous nu-

cleation of new particles or the activation of
preexisting particles by heterogeneous nuclea-
tion. The latter can occur either on ions, soluble
particles, or insoluble particles, and is energet-
ically easier than homogeneous nucleation (1).
Both particle formation processes are of fun-
damental as well as practical importance and

have been the subject of investigations for more
than a century (2). Important examples repre-
senting the different processes are given by the
use of the Wilson cloud chamber (3) in high-
energy physics for the case of ions, the for-
mation of cloud droplets in the troposphere for
the case of soluble particles, and the occurrence
of ice nucleation for the case of insoluble seed
particles (4). Atmospheric observations suggest
that the initial formation and growth are two
uncoupled processes (5–7), and therefore the
activation mechanism of small clusters is of
vital importance. Understanding the formation
and initial growth processes in detail is also
crucial to control the production of nanomate-
rials (8).

In this paper, we present experimental results
for the activation ofmolecular cluster ions, charged
and neutral clusters, and nanometer-size particles
having almost monodisperse size distributions,
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with mean diameters ranging from 1 to 24 nm
and geometric SDs between 1.021 and 1.058. Par-
ticle number concentrations were between 2000
and 10,000 cm−3. We used insoluble inorganic
seed aerosol (WOx) and condensable organic
vapor (n-propanol) to determine the dependence
of activation diameter on charging state and va-
por saturation ratio. For comparison, other insol-
uble inorganic seed aerosols [Ag and (NH4)2SO4]
were also used (9). The range of particle sizes
studied—together with the fact that the particles
are, in practice, monodispersed—is the main
novelty of our work: To our knowledge, this is
the first time that activation of neutral particles
has been studied for particles smaller than 3 nm
in diameter.

The experimental system (9) includes a source
of monodispersed particles and a vapor genera-
tion unit. Vapor supersaturation is achieved by
adiabatic expansion in a computer-controlled ther-
mostated expansion chamber [the size-analyzing
nuclei counter (SANC)]. Droplet growth is ob-
served by means of the constant-angle Mie scat-
tering (CAMS) detection method (10). Details
of the experimental system are presented else-
where (11).

We generated well-defined nearly monodis-
persed nanoparticles using different types of par-
ticle generators in combinationwith an electrostatic
classification system capable of selecting parti-
cles with specified charging state and mobility
diameters down to and even below 1 nm. Ions
were obtained from a radioactive source in a
241Am charger. Charged particles leaving the
classifier were either passed through a 241Am
neutralizer to obtain neutral particles or passed by
the neutralizer to preserve charging properties. In
order to remove ions, which were produced in the
neutralizer, from the aerosol flow, we applied an
ion trap. n-Propanol vapor was added to the sys-
tem by controlled injection of a liquid beam and
subsequent quantitative evaporation in a heated
unit. Those particles inducing heterogeneous nu-

cleation in the SANC expansion chamber at the
vapor supersaturations considered lead to the for-
mation and growth of liquid droplets, which were
optically detected.

We measured heterogeneous nucleation (ac-
tivation) probabilities using the above described
SANC-CAMS method. For all experiments re-
ported in this paper, the nucleation temperature
was kept constant at about 275 K. For each n-
propanol vapor saturation ratio, the fraction of
activated particles relative to total particle num-
ber concentration was determined, resulting in a
nucleation-activation probability curve. Experi-
mental nucleation probabilities, determined for
molecular ions and nanometer-size particles, are
shown in Fig. 1. The diameters of the seed ob-
jects range from 4 nm down to 0.9 nm. The
smaller the size, the higher the saturation ratio
that is needed for activation, reflecting the well-
known curvature effect first observed by Thom-
son (12). As can be seen, at 4 nm, the nucleation
probability curves are mainly overlapping,
whereas with decreasing particle size, the curves
split up, indicating that charge effects increasing-
ly promote the nucleation process. Negatively
charged particles are found to require smaller
saturation ratios to activate for nucleation than
positively charged particles and neutral ones.

Each probability curve can be represented by
the corresponding onset saturation ratio (i.e., the
saturation ratio where 50% of the particles of a
certain size are activated). Experimental onset
saturation ratios as functions of mobility diame-
ter, together with the Kelvin diameter and the
homogeneous nucleation limit, are shown in Fig.
2. The Kelvin diameter corresponds to the size at
which the vapor and aerosol particles, whose sur-
faces are coated with n-propanol, are in equilib-
rium (9). In principle, if the particle size is larger
than the Kelvin diameter, the aerosol particles
will grow; if the particle size is smaller, they will
evaporate. However, in our experiments, all par-
ticles considered are activated and start to grow at

sizes clearly smaller than those indicated by the
Kelvin equation and at saturation ratios well be-
low the onset of homogeneous nucleation.

For particles with diameters around 4 nm and
above, nucleation behavior was found to be in-
dependent of charging state. However, as seen
already in Fig. 1, charge effects become increas-
ingly important with decreasing particle size. Dif-
ferences between heterogeneous nucleation on
charged and neutral particles were experimental-
ly observed, starting at diameters below 3 nm.
Clearly, a “sign effect” can be seen, meaning that
negatively charged particles appear to be more
easily activated for growth than positively charged
particles. Smaller saturation ratios are generally
required to activate charged particles for nuclea-
tion. For example, at a saturation ratio of 2.75,
the activation size is 1.4 nm for negative clusters
and 1.8 nm for neutral ones. A smooth transition
from molecular ions to particles is observed,
thereby bridging the scale from molecular ion
clusters to nanoparticles. Consistently, for ions, a
similar sign effect has been found as for charged
particles. Recently, Nadykto et al. (13) have pro-
posed that the sign can be reproduced by quan-
tum chemical methods and may be positive or
negative, depending on the nature of the ions
considered.

In Fig. 2, we also compare our experimental
findings with an onset activation curve predicted
by heterogeneous nucleation theory (9, 14). In
heterogeneous nucleation, the critical cluster is
formed on a preexisting surface, and only part of
the vapor-liquid surface needs to be built from
scratch, because part of it can be borrowed from
the preexisting interface; this fact decreases the
energy barrier of cluster formation as compared
with homogeneous nucleation (1, 11). The angle
between the preexisting surface and the surface
of the nucleating cluster is called the contact
angle q. The value that we used for the contact
angle was 0°, corresponding to the recent ob-
servations for n-propanol droplets nucleating on
an Ag surface (11). Substantially larger contact
angles would lead to a predicted activation diam-
eter being larger than the Kelvin diameter (1),
which is in contrast to our experimental findings;
thus, we conclude that the particles are, in prac-
tice, totally wettable to the n-propanol vapor. In
atmospheric andmaterials science, heterogeneous
nucleation is typically ignored. This is mainly
because no proper experimental data have so far
existed at particle sizes small enough to be rel-
evant to formation and initial growth. Our results,
however, show that the theory developed by
Fletcher 50 years ago predicts the observed onset
activations for neutral particles and clusters
exceedingly well, even at the size range of small
molecular clusters.

The effect of charge on the onset activation
curves can be estimated by ion-induced nuclea-
tion theory—with Gibbs free energies calculated
based on the Thomson theory (15)—together with
the Fletcher theory (9), hereafter referred to as the
“combined” theory. The onset activation satura-

Fig. 1. Heterogeneous nucleation
probabilities versus vapor saturation
ratio for nucleation of n-propanol on
ions as well as charged and un-
charged WOx clusters of different
diameters: WOx, 4 nm (stars); WOx,
2.4 nm (triangles); WOx, 1.7 nm
(squares); positive ions, 1.1 nm (red
circles); and negative ions, 0.93 nm
(blue circles). Colors refer to differ-
ent charging states: blue (negatively
charged), red (positively charged),
and black (neutral). Solid lines are
shown to guide the eye.
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tion ratio as a function of diameter, estimated by
the combined theory, is also superimposed in Fig. 2,
showing an even lower supersaturation required
for activation. The combined theory provides no
explanation why negative particles activate be-
fore positive ones of the same size. However, the
difference between the Fletcher theory (hetero-
geneous nucleation) and the combined theory
(heterogeneous and ion-induced nucleation) seems
to provide a useful estimate for the difference in
onset activation supersaturations between charged
and neutral particles.

The use of the recently developed heteroge-
neous nucleation theorem (16) will provide an
estimation of the number of molecules in the
nucleating cluster. In the experiments presented
here, the number is around 20 to 25 molecules.
The ratio of the experimental activation diameter
to the Kelvin diameter is almost size-independent
and is around 0.65. Our experimental technique
can thus be used to produce particles, with a well-
defined surface layer consisting of a small num-
ber of molecules, for future technical and industrial
purposes.

So far, it has been generally accepted (1, 17)
that activation of (neutral) particles is predicted
by the Kelvin equation. The fact that particles
are activated at much smaller sizes than in-
dicated by the Kelvin equation is thus un-
expected; apparently, heterogeneous nucleation
has been typically forgotten or at least ignored,
and the Fletcher theory has not been applied to
small clusters or nanoparticles. The latest find-
ings will give insight to some aspects of mate-
rials science, atmospheric particle formation, and
especially to measurement techniques of small
aerosol particles. Based on laboratory experi-
ments, atmospheric observations, and modeling
(18–20), it is often predicted that homogeneous
nucleation will produce particles with diameters
around 1 to 2 nm. Indeed, Strey et al. (21) have
shown that, for the case of homogeneous nu-
cleation (i.e., in the absence of seed particles),

the critical cluster size agrees well with the
Kelvin equation; this indicates that the Kelvin
equation remains generally valid for critical clus-
ters down to the size range of 1 to 2 nm. Our
results show that, for example, if the Kelvin
diameter is 2 nm, then the activation diameter is
around 1.2 nm; this finding indicates that all
seed particles with diameters larger than 1.2 nm
are capable of acting as nuclei for condensation,
which is also consistent with the recent obser-
vation of size-dependent aerosol growth (6).
As described by the Fletcher theory (9, 14),
small embryos have a thermodynamic barrier
to cross, but critical size clusters are nevertheless
formed on seed particles as a result of statistical
fluctuations. They reach the critical size and be-
come stable for growth when their radius co-
incides with the Kelvin curvature. The work of
formation of an embryo on a seed particle is
always smaller than the work of formation of a
Kelvin-size embryo in homogeneous nucleation,
even if the seed particle diameter is below the
Kelvin size. This is manifested by our finding
that organic vapor will condense much easier on
even the smallest preexisting seed particles than
form new particles.

In nanomaterial production, there are several
examples of experiments where the detailed par-
ticle formation, activation, and/or initial growth
mechanisms are unknown, and modeling attempts
have been unsuccessful (22, 23). These modeling
efforts are typically based on the application of
classical homogeneous nucleation theory with
some adjustable factor, together with coagulation
and condensation models for the growth. The
heterogeneous nucleation-activation stage is typ-
ically neglected, and condensation is assumed to
start at the Kelvin limit. The present study pro-
poses one severe deficiency in these approaches,
because we clearly observe that activation and
condensational growth can start at sizes signifi-
cantly smaller than previously expected from the
Kelvin equation.

One of the main implications of this study is
that the detection limit of condensation particle
counters (CPCs) can be extended to considerably
smaller sizes (24, 25). The operating principle of
these devices is based on activation of particles in
supersaturated vapors and consequent growth to
sizes detectable by optical methods. A major con-
cern has been possible homogeneous nucleation
of new particles when the application of high su-
persaturations is required to activate nanoparti-
cles. However, this study shows that, rather than
nucleating homogeneously to form new particles,
the vapors tend to nucleate heterogeneously and
further condense onto the preexisting particles
at sizes much smaller than believed in the past.
This fact has already been used in atmospheric
studies (1).

In the literature, there are some laboratory
studies concerning the effect of ions on the nu-
cleation rate. However, they are not typically re-
lated to activation of existing particles or clusters.
For example, Kim et al. (26) investigated homo-
geneous and ion-induced nucleation in the ter-
nary NH3/SO2/H2O/air mixture. As a result of
their study, they proposed that the main particle
production mechanism is homogeneous nuclea-
tion of (NH4)2SO4 molecules produced by the
H2SO4-NH3 reaction. Several years ago, Gamero-
Castaño and de la Mora (17) proposed clusters as
“impurities in the gas phase” using their CPC.
Their study focused on the activation of ions and
charged nanoclusters with the use of a CPC, but
did not include any comparison between charged
and neutral particles.

The presence of ions, and electric charge on
particles, will enhance not only the activation
probabilities but also the growth rates of very
small (nanometer-size) aerosol particles and air
ions (27, 28). The condensing vaporsmay exhibit
dipole nature and can thus be electrostatically
attracted to charged particles. This effect decreases
rapidly with increasing particle size, which means
that if this mechanism dominates the growth of
freshly nucleated particles, the particle growth
rate should decrease as a function of the particle
size. However, no sign of such a growth depen-
dence has been reported. Although the conden-
sation enhancement factor caused by the presence
of electric charges varies between the different
theories, all of the theories predict a fairly similar
size dependence for this effect (6). However, ac-
cording to our present study, the possible dif-
ference in growth has a much smaller effect on
atmospheric aerosol formation than the acti-
vation probability. Therefore, we can conclude
that the key process in atmospheric investi-
gations is the activation of preexisting clusters
and nanoparticles.

From the point of view of atmospheric aero-
sols and their climate interaction, our observation
allows a more accurate description of cluster ac-
tivation leading to aerosol formation. In atmospher-
ic processes, several different organic compounds
are undoubtedly participating in the activation
process.

Fig. 2. Experimental onset satura-
tion ratio as a function of seed par-
ticle mobility diameter for ions as
well as for charged and uncharged
WOx particles. The Kelvin diameter
(solid black line) and the homoge-
neous nucleation onset [cross-hatched
shaded area (29)] are shown for com-
parison. We also show the predictions
by the Fletcher theory for hetero-
geneous nucleation on uncharged
particles (dashed black line) and the
combined theory accounting for the
charge of the seed particles (dashed
cyan line) (9). Error bars indicate
the measurement uncertainty when
measuring saturation ratio and par-
ticle diameter.
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Age and Evolution of the Grand
Canyon Revealed by U-Pb Dating of
Water Table–Type Speleothems
Victor Polyak,* Carol Hill, Yemane Asmerom

The age and evolution of the Grand Canyon have been subjects of great interest and debate
since its discovery. We found that cave mammillaries (water table indicator speleothems)
from nine sites in the Grand Canyon showed uranium-lead dating evidence for an old western
Grand Canyon on the assumption that groundwater table decline rates are equivalent to incision
rates. Samples in the western Grand Canyon yielded apparent water table decline rates of
55 to 123 meters per million years over the past 17 million years, in contrast to eastern
Grand Canyon samples that yielded much faster rates (166 to 411 meters per million years).
Chronology and inferred incision data indicate that the Grand Canyon evolved via headward
erosion from west to east, together with late-stage (~3.7 million years ago) accelerated incision
in the eastern block.

Ever since the first geologist known to set
eyes on the Grand Canyon, John Strong
Newberry in 1858, and the famous John

Wesley Powell expedition of 1869 (1), the age
and origin of the Grand Canyon have remained a
subject of great scientific and popular interest.
Accurate incision rate data have, until now, come
from dating basalt flows and travertine deposits,
but these results have not been able to record both
the downward and headward incision of the
Grand Canyon over its entire history beyond
1 million years ago (Ma) and higher than 100 m
above the river (2). More than 50 years ago,
Arthur Lange, a speleologist, proposed that the
study of cave sediments and speleothems (cave
formations) could produce an accurate minimum
age for the Grand Canyon (3). U-series dating of

speleothems, and consequently landscape evolu-
tion determinations using caves, began in the
1970s by alpha spectrometry (4) and were greatly

improved by the application of mass spectrom-
etry in the mid-1980s (5).

The realization that certain speleothems such
asmammillary coatings (Fig. 1) formnear ground-
water tables [herein referred to as water tables
(6)], and the fact that many Grand Canyon caves
contain mammillary speleothems (7), has allowed
us to take advantage of advances in U-Pb and U-
series analytical techniques in an effort to make
the long-sought chronology possible. For theGrand
Canyon area (Fig. 2), there is no better niche than
caves to find both clastic and chemical sediments
that were deposited before, during, and after the
incision of the canyon. Equally important, these
cave deposits are located throughout the canyon.
Caves are not only well suited to contain these
deposits, they also provide an ideal environment
that preserves and protects them from weath-
ering. These mammillary coatings in the Grand
Canyon caves contain sufficient uranium-lead
ratios and yield U-Pb dates that place the water
table within the canyon at a particular place and
at an absolute time. This allows for the incision
history of the Grand Canyon to be reconstructed
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Fig. 1. Cave mammillaries
coat cave walls below but
near the water table. A cross
section of broken mammil-
laries (m) and exposure of
underlying bedrock (b) from
site 6 (Tsean Bida) are shown.
The unbroken form of this
speleothem type (white ar-
rows) indicates a subaqueous
origin.
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